Purpose: Compton spectroscopy is a widely accepted tool for measuring the primary X-ray spectra of a diagnostic computed tomography (CT) system. The aim of this work is to spectroscopically detect CT X-ray photons subjected to 90-degree Compton scattering for accurate modelling of CT beam-shaping filtration, which necessary for computation of radiation exposure and for other research applications in medical physics. Methods: For a tube potential of 120 kVp X-ray spectra have been measured under fan angles of 0° to 20° in steps of 2° and at 21° from the central ray. At each fan angle the value of the X-ray path length determining the relative filter transmission was iteratively varied in order to estimate the thickness of the aluminium filter and the filter geometry was implemented in a Monte Carlo (MC) simulation of the CT scanner. Results: Direct comparison of measured and simulated filtered X-ray spectra indicates that the spectra match very well, with a correlation of 1 for small fan angles (below 4°) and an average correlation of 0.996 for the whole field-of-view (FOV). Conclusion: The agreement between the simulated X-ray spectra and the measured spectra suggest that spectral measurements using Compton spectroscopy across the fan beam of a CT system are suitable for modelling the beam-shaping filtration currently used in commercially available CT systems.
Flat X-ray filters of constant thickness and beam-shaping filters are used in CT scanners for removing lower energy X-ray photons (below 20 keV) which otherwise would be totally absorbed by the patient, increasing patient radiation exposure while not contributing to the image [1] . The thickness of the beam-shaping filter increases from the center to the periphery of the FOV to selectively remove soft X-rays. The characteristics of CT beam-shaping filtration are neither available in user manuals nor in CT technical specifications, because these data are considered proprietary by manufacturers and are available only with vendor cooperation through nondisclosure agreements. Some approaches to determine the attenuation properties of beam-shaping filters have been reported, all based on measurements of the signal after filtration [2] [3] [4] [5] [6] .
In order to assess the attenuation profile and also the effects of beam-shaping filtration on spectral characteristics, in this research spectral measurements across the fan beam of the CT system have been performed using Compton scattering spectroscopy, an indirect measurement method providing X-ray spectra with the highest accuracy [7] [8] [9] however requiring a complex experimental arrangement because clinical X-ray tubes have extremely high photon fluence rates (in the order of 10 10 photons/cm 2 s at 100 kVp and 25mA [10] ). 
Materials and methods

Sequential measurements
Spectral reconstruction
In order to obtain the beam-shaping filter X-ray spectra as a function of the fan angle, some corrections must be applied to the measured spectra as Compton spectroscopy is an indirect measurement method. These should be made in reverse order from that in which the effects occurred [10] , i.e. starting with detection process followed by scattering process. The reconstruction process is explained in the flux diagram of Fig. 2 , in which blue boxes symbolize the causes of the spectral distortions, red boxes correspond to the correction steps and orange boxes are the methods and/or data employed for these corrections. After the reconstruction steps a final smoothing of the spectra was performed. 
Beam-shaping filter model
The hypothesis of the model is that the fan angle-dependent X-ray path length through the beam-shaping filter currently used in CT systems can be deduced from the attenuation properties of the filter, with some additional assumptions:
1. the filter is symmetric about the center of the X-ray beam at θ = 0°, 2. the X-ray beam Φ 0 (E ) incident to the beam-shaping filter includes the effects of the inherent filtration (cooling oil and tube housing window) and any filtration, e.g. flat Xray filtration, made before the beam-shaping filter, 3. The beam-shaping filter is considered being made out of homogeneous aluminium alloy 1100 (Al-1100) material, 4. only filter transmission T θ relative to the transmission at the center of the X-ray beam is needed to construct the filter model:
where d θ is the relative X-ray path length through the filter (or filter thickness, see Fig.   3 ) at a given fan angle θ and μ Al ( E i ) are the linear attenuation coefficients of Al-1100 for the n energies E i estimated by interpolation of the National Institute of Standards and Technology (NIST) data [11] .
For each fan angle θ the value of the X-ray path length d θ is iteratively varied in Eq. 1 until the difference between T θ −computed and the measured transmission T θ −measured is below 0.001. 
Results
Measured X-ray spectra at various fan angles using the spectral reconstruction procedure described in subsection 2.2 are displayed in Fig. 4(a) . The photon fluence of the spectra at large fan angles are strongly reduced in comparison to the photon fluence of the spectra at the center of the X-ray beam (only about 3% of the photons exiting the filter at 21°) and the fraction of low-energy photons (below the peak region around 60 keV) decreases relative to the fraction of photons with energies greater than the peak region. This effect is caused by beam-hardening.
The relative X-ray path length d θ through a filter of Al-1100 calculated by iteration was used to construct a MC model of the filter as is illustrated in Fig. 4(b) . The filter is bilaterally symmetric and has a uniform thickness along the z-direction (20.0mm). The beam's exit points range from (0.0, 0.0) mm at its center to (76.24, 48.60) mm at its edge.
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Compton scattering spectroscopy of a CT system Stella Veloza For direct comparison, the measured and simulated spectra at a given fan angle were normalized to unit area and plotted against each other. Figure 5 exemplary displays the results for a fan angle of 12°. An excellent qualitative agreement can be observed with a correlation of 1 for small fan angles (below 4°) and an average correlation of 0.996 for the whole FOV. 
Conclusions
Since the characteristics of the beam-shaping filter are vendor proprietary and thus generally unknown, a Compton spectroscopy technique is a suitable tool to model the beamshaping filter with a good agreement between the simulated and measured X-ray spectra.
